Cerebellar Purkinje cells (PCs) express two members of the classical protein kinase C (cPKC) subfamily, namely, PKCa and PKCc. Previous studies on PKCc knockout (KO) mice have revealed a critical role of PKCc in the pruning of climbing fibers (CFs) from PCs during development. The question remains as to why only PKCc and not PKCa is involved in CF synapse elimination from PCs. To address this question, we assessed the expression levels of PKCc and PKCa in wild-type (WT) and PKCc KO PCs using PC-specific quantitative realtime reverse transcription-polymerase chain reaction, western blotting, and immunohistochemical analysis. The results revealed that the vast majority of cPKCs in PCs were PKCc, whereas PKCa accounted for the remaining minimal fraction. The amount of PKCa was not up-regulated in PKCc KO PCs.
The cerebellum plays a crucial role in the control of sensorimotor functions. Cerebellar Purkinje cells (PCs) are the sole output neurons of the cerebellar cortex and receive two different excitatory inputs, namely, parallel fibers and climbing fiber (CF). The dendrites of a PC receive inputs from more than 100 000 parallel fibers, which are the axons of granule cells. In contrast, only a single CF, which is a projection from a neuron in the inferior olivary nucleus, synapses onto a PC. In an early stage of postnatal development in rodents, from approximately postnatal day 3 (P3) to P7, each PC receives multiple CF inputs, which are gradually eliminated, leaving only one CF to one PC by the end of the third postnatal week (Kano and Hashimoto 2009) .
Protein kinase C (PKC)c is a member of the classical PKC (cPKC) subfamily, which also includes PKCa and PKCbI/ bII. It is activated by diacylglycerol and Ca 2+ in the presence of phosphatidylserine (Nishizuka 1995) . Furthermore, PKCc is exclusively expressed in neurons of the central nervous system, whereas PKCa and PKCb are expressed in a variety of tissues, including the brain. The cerebellar cortex expresses all three cPKC subspecies, with distinct spatial and cellular expression patterns ; PKCc is expressed solely in PCs (Saito and Shirai 2002) , whereas PKCb (bI/bII) is observed selectively in granule cells (Ase et al. 1988) , and PKCa is detected in both granule cells and PCs (Ito et al. 1990 ). Thus, PCs express PKCc and PKCa, but not PKCb. The absence of PKCc results in the impairment of CF synapse elimination from the PCs even in the presence of PKCa (Kano et al. 1995) . The question remains as to why PKCa is not involved in CF elimination from PCs. Ase et al. (1988) , (Ase et al. 1988 ) examined the specific enzymatic activities of PKCc and PKCa in the cerebellum using enzyme-linked immunosorbent assays (ELISA) after separation of the PKCs by hydroxyapatite column chromatography. They showed an approximately 3.5-times greater activity of PKCc than that of PKCa in the cerebellum. However, because PKCa, unlike PKCc, is also expressed in granule cells, the ratio of PKCc to PKCa in PCs should be much higher. Therefore, we hypothesized that impaired elimination of CFs from PKCc-null PCs may be because of insufficiency of cPKC activity. To verify this idea, we assessed the expression levels of PKCc and PKCa exclusively in PCs using real-time reverse transcriptionpolymerase chain reaction (RT-PCR) and immunohistochemical analysis. The results showed that PKCc accounted for over 95% cPKCs in PCs, whereas PKCa accounted for the remaining percentage. Moreover, the up-regulation of PKC activity by PKCa expression during development significantly rescued the impaired pruning of CFs from PKCc-null PCs. Our results indicated that both PKCa and PKCc have the potential to remove supernumerary CFs and that the total activity of cPKCs, irrespective of PKC isoforms, is critical for the pruning event.
Methods

Mice
The PKCc-deficient mice (Abeliovich et al. 1993) , which were provided by Dr Masanobu Kano (University of Tokyo, Japan), were maintained on a C57BL/6J (RRID: IMSR_JAX:000664) genetic background in our breeding colony at the Bioresource Center, Gunma University Graduate of Medicine. Homozygous PKCc-null mice and their wild-type (WT) littermates were obtained by crossing fertile heterozygous animals, and were genotyped by PCR. All mice were housed in groups of two to six per cage (175 9 285 9 85r mm) according to the ILAR (Institute for Laboratory Animal Research) standard in a temperaturecontrolled room (24-25°C) with a 12 : 12 light-dark cycle (lights ON at 9 am). Food and water were provided ad libitum. Mice of both sexes at P21-P25 (body weight; 9.5 AE 1.0 g) and 11-week old (body weight; 20À25 g) were used in this study. In addition, 1-week-old mice (P6-P7) were used for the experiment that lentivirally restored PKCc. Mice were identified by their earmark. We divided PKCc-null mice randomly into 2 groups, using a random table, in Figs 3 and 4. No blinding and no sample calculation were performed. All procedures for animal care and treatment were approved by the Gunma University Animal and Safety Committee for Gene Recombination .
Slice preparation for quantitative RT-PCR and electrophysiology Mice were deeply anesthetized by inhalation of isoflurane (3%) and were euthanized by decapitation. Parasagittal slices of the cerebellar vermis (200 lm in thickness) were obtained as previously described (Mitsumura et al. 2011; Shuvaev et al. 2017) .
Purkinje cell-specific quantitative RT-PCR Single-cell mRNA was harvested from whole-cell-clamped PCs (Fig. 1a) . The glass capillary for the whole-cell patch and subsequent aspiration of the cytoplasm was sterilized at 180°C for 2 h. The capillaries were filled with 5 lL of intracellular solution containing the following components: 140 mM gluconic acid (50% solution), 140 mM CsOH (50% solution), 8 mM NaCl, 1 mM MgCl 2 , 0.2 mM ethylene glycol-bis(b-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA), 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES), 2 mM Mg-ATP, and 0.4 mM Na-ATP (pH 7.3, adjusted with CsOH). After a PC was whole-cell clamped, the cytoplasm was aspirated into the capillary. The tip of the capillary was broken in a 0.2 mL thin-walled tube (BT-02LC, INA OPTIKA, Osaka, Japan) containing 30 lL of extraction buffer (Pico Pure RNA isolation kit; Life Technologies, Carlsbad, CA, USA). The cytoplasmic content of one PC or five PCs in one tube was incubated at 42°C for more than 30 min. All samples were stored at À80°C before RNA purification. The RNA was purified using a Pico Pure RNA isolation kit (Life Technologies) according to the manufacturer's instructions. Briefly, 40 lL ethanol (70%) were added to the extraction buffer containing the PC cytoplasm, and the mixture was loaded onto an RNAadsorptive column. After washing the column twice, the RNA was eluted from the column with 12 lL of elution buffer. The eluate containing the RNA was immediately used as a template to synthesize cDNA using ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO, Osaka, Japan). Briefly, 10.5 lL of the eluate was mixed with 3.5 lL of 4 9 DN master mix and 3.5 lL of 5 9 RT master mix (total 17.5 lL). The mixture was incubated at 37°C for 15 min, 50°C for 5 min, and 98°C for 5 min. The resultant cDNAs were stored at À20°C for further analysis.
Real-time quantitative PCR was performed to assess the amount of PKCa and PKCc cDNAs using the Power SYBR Green PCR Master Mix (Life Technologies). The 17.5-lL solution containing the cDNA (template) was separated into four tubes (4 lL each). The measurements of PKCa and PKCc were performed in duplicate (two tubes for PKCa and two tubes for PKCc), and the averaged results from the two tubes were plotted (Fig. 1) . In addition to the 4 lL of template, the reaction solution (20 lL) contained 10 lL of 2 9 SYBR Green master mix and the primers. The forward (F) and reverse (R) primers used had the following sequences: PKCc-F: TCGTCCAGGATGAC-GATGTA; PKCc-R: CCTTAAACTTGCCCAGTTGC; PKCa-F: GTGGCAAAGGAGCAGAGAAC; and PKCa-R: TGTAAGATGGGGTGCACAAA. The thermal cycling protocol consisted of an initial denaturation at 95°C for 
Quantification analysis of PKCs
The amount of PKCa and PKCc cDNA in the PCs samples was quantified by relating the threshold cycle (Ct) value to a standard curve (Yu et al. 2005) . A 10-fold serial dilution series of plasmids carrying PKCc or PKCa, ranging from 1 9 10 0 to 1 9 10 7 particles, was used to construct the standard curves for PKCc and PKCa. The standard curves were generated using Thermal Cycler Dice Real Time system II (version 5.0, Takara-Bio, Shiga, Japan). The concentration of the plasmid was measured by a spectrophotometer, and the corresponding particle number was calculated using the following equation (Lee et al. 2006 The Ct value in each dilution of the plasmid carrying PKCc or PKCa was measured by real-time quantitative PCR to generate the standard curves for PKCc and PKCa. The Ct values (the average of the four independent assays) were plotted against the logarithms of the known particle numbers of the initial template. Each standard curve was generated by linear regression of the plotted points. The relative amount of PKCa and PKCc cDNA in the PCs samples was calculated based on the respective standard curves.
Western blotting
Deeply anesthetized mice were euthanized by decapitation. The cerebellar vermis was quickly removed, and homogenized in ice-cold homogenization buffer (50 mM TrisHCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100) with BioMasher II (Nippi, Tokyo, Japan) and a sonicator (UD-201, TOMY SEIKO, Tokyo, Japan). The homogenate was centrifuged at 20 400 g for 5 min at 4°C. The supernatant was added with the same volume of sample buffer (65.8 mM Tris-HCl [pH 6.8], 2.1% sodium dodecyl sulfate, 5% mercapto-EtOH, 26.3% glycerol, and 0.01% bromophenol blue), and was incubated for 5 min at 95°C. Samples were electrophoresed on Tris-Glycine eXtended gel (5-20%; Bio-Rad, CA, USA), and transferred to a polyvinylidene difluoride membrane. The membrane was blocked with 5% non-fat skimmed milk in phosphate-buffered saline (PBS) containing 0.05% Tween-20 (PBS-T). The immunoreaction was performed with the mouse monoclonal anti-b-actin antibody (1 : 2000; A5316 clone AC-74, Sigma-Aldrich, St Louis, MO, USA), mouse monoclonal anti-classical PKCs antibody, which specifically recognizes classical PKCs (a, b, and c) and does not cross-react with other PKC isoforms (1:1000; #05-983, clone M110, Merck Millipore, Billerica, MA, USA), rabbit polyclonal anti-PKCc antibodies (1:5000; Santa Cruz Biotechnology, CA, USA), or goat polyclonal anti-PKCa antibodies (1:2000; Frontier Institute, Hokkaido, Japan). Subsequently, the membrane was washed four times for 10 min in PBS-T and incubated with horseradish peroxidase-conjugated secondary antibodies (1 : 10 000 or 1 : 20 000) for 2 h. The immunoreactive bands were visualized using an enhanced chemiluminescence reagent (ECL; Clarity Western ECL Substrate; Bio-Rad). The relative amount of immunoreactive bands in each lane was quantified with ImageJ Fiji software (https://fiji.sc/).
Immunohistochemistry
The immunohistochemical analysis was performed as previously described (Sawada et al. 2016; Shinohara et al. 2017) . Briefly, after deep anesthesia, 11-week-old WT and knockout (KO) mice (n = 2 each) were perfused transcardially with 4% paraformaldehyde in 0.1 M phosphate buffer (PB). Subsequently, the whole brains were immersed in 4% paraformaldehyde in 0.1 M PB. The cerebella were cut into 50-lm sagittal sections using a microtome (VT1000S; Leica Microsystems, Wetzlar, Germany). The slices were blocked with a blocking solution containing 2% bovine serum albumin, 4% normal donkey serum, 0.1% Triton X-100 and 0.025% NaN 3 in PB for 1 h at 25°C. After washing with PB, the slices were incubated for 18 h at 25°C in fivefold diluted G-Block (GSGB-01; NIPPON Genetics, Tokyo, Japan) with the following primary antibodies: goat polyclonal anti-PKCa (PKCa-Go-Af850; 1 : 200; Frontier Institute), rabbit polyclonal anti-PKCc (PKCg-Rb-Af400; 1 : 200; Frontier Institute), and mouse monoclonal anticPKC (RRID:AB_568862; 1 : 100; Merck Millipore). After washing, the slices were incubated for 3 h at 25°C in fivefold diluted G-Block with Alexa Fluor 488 donkey antigoat IgG (RRID:AB_2534102; 1 : 1000; Thermo Fisher Scientific, Waltham, MA, USA). After washing, the slices were re-incubated in fivefold diluted G-Block with the following secondary antibodies: Alexa Fluor 555 goat antimouse IgG (RRID:AB_2633276; 1 : 1000; Thermo Fisher Scientific) and Alexa Fluor 647 goat anti-rabbit IgG (RRID: AB_2633282; 1 : 1000; Thermo Fisher Scientific).
Quantification of fluorescence intensity in the PC soma
The immunoreactive intensity of the PC soma on parasagittal sections of cerebellar vermis was measured in two WT and two KO mice (one section per mouse). The fluorescence images of the sections that were devoid of saturation of intensity were captured using a confocal microscope (LSM 800; Carl Zeiss, Oberkochen, Germany) using the same confocal settings. Subsequently, the outline of the PC soma was traced, and the fluorescence intensity in the enclosed area was measured using Fiji (ImageJ). The average fluorescence intensity of the PC somata of the WT mice was considered to be 100%.
Lentiviral vectors and cerebellar injection
The main plasmid vectors, pCL20c/MSCV-GFP-P2A-PKCc and pCL20c/MSCV-GFP-P2A-PKCa, were designed to express a transgene under the control of the murine stem cell virus (MSCV) promoter (Hawley et al. 1994) , which possesses strong transcriptional activity in PCs (Takayama et al. 2008) . Subsequently, P2A, a 'self-cleaving' peptide sequence, was inserted between the green fluorescent protein (GFP) and mouse PKCc (GenBank; X67129.1, 68-2161 bp) or mouse PKCa (GenBank; BC096493.1, 16-2034 bp), which freed the GFP from PKCc or PKCa via ribosomal skipping between the glycine and proline (Iizuka et al. 2009 ). The vesicular stomatitis virus-glycoprotein (VSV-G)-pseudotyped lentiviral vector was produced in HEK293T cells (HCL4517; Thermo Fisher Scientific), as previously described (Torashima et al. 2006) . The biological titers of the viral vectors expressing PKCc and PKCa were (2.1 AE 0.7) 9 10 10 and (1.1 AE 0.4) 9 10 10 transduction units (TU)/mL, respectively. The viral solution was stored at 4°C and used within 2 weeks.
Both PKCc and PKCa were lentivirally expressed in the cerebellum of PKCc-deficient mice at two different ages: 1 week (P6-P7) and 3 weeks (P21-P25). At P6-P7, PKCcdeficient mice were anesthetized before and throughout the viral injection using 2-3% isoflurane inhalation (flow rate 1 L/min), whereas P21-P25 PKCc-deficient mice were deeply anesthetized with a combination of ketamine (100 mg/kg body weight) and xylazine (20 mg/kg body weight). Lentiviral vectors were injected into the cerebellar cortex of the anesthetized mice as previously reported (Takayama et al. 2008; Iizuka et al. 2009 ).
Patch-clamp analysis
Whole-cell recordings were made from PCs as previously described (Mitsumura et al. 2011; Shuvaev et al. 2017) . The membrane capacitance (Cm) and input resistance were estimated from passive PC currents induced by applying hyperpolarizing pulses (from À70 to À80 mV, 400 ms duration). The PCs were clamped at À10 mV to record CFevoked excitatory postsynaptic currents. Exact numbers of PCs and animals used are provided in graphs of Fig. 4 .
Statistical analysis
The data were analyzed using the Student's t-test (Figs 2  and 3 ) and the Kruskal-Wallis test followed by Dunn's post hoc test (Fig. 4) . Statistical analyses were performed using the R software statistical package (www.r-project.org) or GraphPad Prism6 (GraphPad software, La Jolla, CA, USA). The data were expressed as the mean AE standard error of the mean (SEM). We considered as statistically significant at p < 0.05.
Results
Striking dominance of mRNA expression of PKCc over PKCa in PCs Cerebellar slices were made from P21-P25 PKCc-KO mice and age-matched WT littermates. A glass electrode was placed on a PC soma, and, after gigaseal formation, the patch of the membrane under the pipette tip was broken by applying gentle negative pressure through the glass electrode to achieve a whole-cell recording configuration. The cytoplasm of the neuron was aspirated into the electrode (Fig. 1a) . For each quantitative RT-PCR analysis, the cell contents of one or five PCs were collected. To quantify the amount of PKCc and PKCa mRNA present in PCs, we initially established external standard curves by preparing aliquots containing 10
À1
-10 7 copies of PKCc or PKCa cDNA; the Ct values obtained from the dilution series were plotted on the graph against the logarithms of the known PKC copy numbers in the aliquots (Fig. 1b and e) . Standard curves were generated by linear regression through these points. For samples predictively containing 1, 0.6, 0.3, or 0.1 PKC copy, we plotted the Ct values when they were detected, resulting in plot points that strayed aside from the standard curves (Fig. 1c and f) .
The Ct value of each 1-PC sample (Fig. 1b and c) or 5-PC sample ( Fig. 1e and f) was plotted on the external standard curves. Although the Ct values for PKCa (38-44) corresponded to less than one PKC copy, this did not mean that the PCs cytoplasmic samples contained one or no PKCa particles. A sample from the cytoplasm of a PC showed a clear exponential rise in the fluorescence at Ct values ranging between 38 and 44, suggesting that the PCR amplification is less efficient in cytoplasm-derived samples than in plasmidderived standard samples. Therefore, comparisons of the Ct values from the PC cell contents with the standard curves did not provide the absolute PKC particle number in the samples from the PC cytoplasm, but only reflected the relative amount of PKCc and PKCa mRNAs.
The relative content of PKCc and PKCa in the 1-PC WT samples was 4.36 AE 0.81 (n = 20 samples from 10 PCs, six mice) and 0.08 AE 0.02 (n = 20 samples from 10 PCs, six mice), respectively. In contrast, those of PKCc and PKCa in the 1-PC KO samples were 0.00 AE 0.00 (n = 20 samples from 10 PCs, six mice) and 0.03 AE 0.01 (n = 20 samples from 10 PCs, six mice), respectively (Fig. 1d) . The relative contents of PKCc and PKCa in the 5-PC WT samples were 31.64 AE 3.41 (n = 12 samples from 30 PCs, six mice) and 0.67 AE 0.08 (n = 12 samples from 30 PCs, six mice), respectively. In contrast, those of PKCc and PKCa in the 5-PC KO samples were 0.00 AE 0.00 (n = 12 samples from 30 PCs, six mice) and 0.22 AE 0.06 (n = 12 samples from 30 PCs, six mice), respectively (Fig. 1g) . Notably, the ratio of PKCc to PKCa was approximately 50:1 in both assays using 1-PC or 5-PC samples (Table 1) . These results suggest that vast majority of the cPKC mRNAs in PCs are PKCc, whereas only a small fraction is PKCa.
Drastic dominance of PKCc protein over PKCa in PCs
To examine whether the expression of PKCc also dominated that of PKCa on the protein level, relative expression levels of PKCc and PKCa in the cerebellum were visualized by western blot and immunohistochemical analyses. Based on the western blot results, robust immunoreactive bands for PKCc and cPKC were observed in the WT cerebellum. While PKCc and cPKC immunoreactivity was absent or weak in the PKCc-KO cerebellum, PKCa immunoreactivity between the WT and PKCc-KO cerebellums was comparable (Fig. 2a) . The band intensity for cPKC in the PKCc-KO cerebellum relative to that in the WT cerebellum after normalization with the loading control (b-actin) was 0.063, suggesting that PKCc constituted most of the cPKCs in the cerebellum.
In the cerebellum, PKCc was present only in PCs, while PKCa was expressed in various cell types including granule cells and interneurons. Thus, the protein ratio of PKCc to whole cPKCs solely in PC would be higher than that of the whole cerebellum (~6.3%). To confirm this, cPKCs, PKCa, and PKCc in PCs were visualized by immunohistochemistry using anti-cPKC, anti-PKCa, and anti-PKCc antibodies. The PCs were intensely immunelabeled with PKCc and cPKC in the WT cerebellum, whereas immunolabeling for PKCc and cPKC was absent and drastically decreased, respectively, in PKCc-deficient PCs (Fig. 2b) . Quantitative analysis of the fluorescence intensity from the PC somata showed significantly weaker immunofluorescence for cPKCs in PKCc-null PCs (3.7 AE 1.1, n = 18 PCs from two mice) compared to that in WT PCs (100.0 AE 10.6, n = 18 PCs from two mice; Fig. 2c ). There was no significant difference in the immunoreactivity for PKCa between WT PCs (100.0 AE 28.9, n = 13 PCs from two mice) and PKCcdeficient PCs (83.1 AE 15.2, n = 10 PCs from two mice). These results suggested that, also on the protein level, a large fraction of cPKCs in PCs consists of PKCc with only a small PKCa fraction.
Evaluation of the expression levels of PKC mRNAs in PCs transduced with lentiviral vectors
A previous study has shown the persistent innervation of PKCc-deficient PCs by multiple CFs (Kano et al. 1995) . Because a large amount of PKCc is present in PCs, the impaired elimination of surplus CFs in PKCc-deficient PCs may be attributable to a marked reduction in the amount of cPKCs. More specifically, similarly to PKCc, PKCa may have the potential to eliminate CF synapses from PCs during development if a sufficient amount is present. To test this notion, we used lentiviral vectors to express PKCa or PKCc (as a positive control) together with GFP in the PCs of PKCc-KO mice. A lentiviral vector expressing GFP-P2A-PKCa or GFP-P2A-PKCc under the control of the PCspecific MSCV promoter (Takayama et al. 2008) was injected into the cerebellar cortex of PKCc-KO mice on P6 or P7 (Fig. 3a) .
We assessed the amount of PKCa and PKCc in PKCcdeficient PCs after lentiviral expression of PKCc or PKCa by quantitative RT-PCR. The PCs expressing recombinant PKCc or PKCa were visually identified by GFP fluorescence, and the cytoplasmic contents of the GFP-expressing PCs were harvested using a similar procedure, as illustrated in Fig. 3a , followed by quantitative RT-PCR. The relative amount of PKCc in samples from five PCs that expressed lentiviral PKCc was 146.3 AE 24.3 (n = 12 samples from 30 PCs, six mice; Fig. 3b-d, Table 2 ), whereas the amount of PKCa in samples from five PCs that expressed lentiviral PKCa was 7.0 AE 2.5 (n = 12 samples from 30 PCs, six mice; Fig. 3f and g, Table 2 ). Thus, PKCc-null PCs that lentivirally expressed PKCc or PKCa expressed approximately five and 10 times more PKCc mRNA or PKCa mRNA, respectively, than WT PCs.
Elimination of supernumerary CFs from PKCc-deficient PCs by lentivirus-mediated expression of PKCa
The innervation pattern of PCs by CFs was examined electrophysiologically 2-3 weeks after virus injection. As previously reported (Kano et al. 1995) , at postnatal week 4, approximately half of the PCs from PKCc-KO mice were persistently innervated by multiple CFs (Fig. 4a and b) . This persistent innervation was significantly rescued by the expression of PKCa or PKCc in mutant mice that received (Fig. 1d) are shown. ***p = 0.00007 and *p = 0.01297 by unpaired Student's t-test.
an injection of the lentiviral vectors on P6 or P7 (Fig. 4a and  b) . In contrast, PKCc-null PCs remained multiply innervated following the expression of PKCc or PKCa when lentiviral vectors were injected at P21-P25 ( Fig. 4c and d) , which agrees well with a critical period of approximately P15 for CF synapse elimination from PCs (Kakizawa et al. 2000) . These results indicated that PKCa can substitute for PKCc with respect to the elimination of CF synapses on developing PCs.
The electrophysiological data showed no statistically significant differences in C m , membrane resistance (R m ), ratio of paired-pulse depression, or amplitude and kinetics of CF-mediated excitatory postsynaptic currents between na€ ıve PKCc-deficient PCs and PKCc-deficient PCs that expressed lentiviral PKCa or PKCc (Table 3) . These results suggested that lentiviral vector-mediated expression of recombinant PKCc or PKCa did not affect the PCs in terms of dendritic development, cell viability, or synaptic transmission/shortterm synaptic plasticity at the CF-to-PC synapses.
Discussion
PKC was originally purified from the bovine cerebellum by Nishizuka and colleagues (Takai et al. 1977) , suggesting a dense localization of PKCs in the cerebellum. Indeed, the cerebellum was later proven to contain the highest levels of PKCs in the central nervous system (Ase et al. 1988) . It has been reported that PCs express both PKCa and PKCc. A series of previous studies using genetically modified mice have shown that these two cPKCs have distinct physiological roles; PKCc, but not PKCa, plays a critical role in pruning supernumerary CFs from PCs during development (Kano Fig. 1 ). PC, Purkinje cell; PKC, protein kinase C; RT-PCR, reverse transcription polymerase chain reaction; WT, wild-type. 1995; De Zeeuw et al. 1998) , whereas PKCa, but not PKCc, is a key player in the expression of long-term depression (LTD) of synaptic transmission at parallel fiber-PC synapses (Linden and Connor 1991; Leitges et al. 2004) .
We have previously demonstrated robust LTD expression in PKCc-deficient PCs (Shuvaev et al. 2011) , confirming that LTD indeed does not depend on PKCc. The different roles that PKCa and PKCc play in LTD expression and CF pruning have been previously reviewed (Kano et al. 2008; Piochon et al. 2016) . Beside those extensive studies, no other reports have described the specific involvement of PKCc (and not PKCa) in CF pruning in terms of 'expression levels' in PCs. To the best of our knowledge, this study is the first to reveal an increased expression of PKCc, by several tens of times, over that of PKCa in PCs. Moreover, we showed that the lentivirus-mediated expression of PKCa in PKCc-null PCs rescued the impaired elimination of surplus CFs, suggesting that the quantity of cPKCs, irrespective of the isoforms, is critical for pruning of CFs from PCs. We measured the relative amounts of cytoplasmic mRNAs, which were recovered from individual whole cellclamped PCs with microelectrodes. Although this approach provides a great advantage through PC specificity, it is technically challenging because multiple and massive amplification steps are required for comparisons between subtle molecules. Single-cell RT-PCR is obviously error-prone and subject to various possible artifacts, as reviewed by Stahlberg and Kubista (Stahlberg and Kubista 2014) , and thus requires critical evaluation of its outcomes. A major pitfall of this method is the sampling ambiguity. The accuracy of a quantitative RT-PCR depends on the number of target molecules analyzed; accuracy is significantly compromised when the number of molecules in the particular aliquot becomes very low. For example, when we try to sample one cDNA in each aliquot, practically it will not contain one cDNA; indeed, the number of the molecules contained in the aliquots follows the Poisson distribution. Even if the sampling procedure is precise, each aliquot contains 0, 1, 2, or 3 cDNA(s) with a ratio of 37%, 37%, 18%, and 7%, respectively (Stahlberg and Kubista 2014) . Thus, as the number of molecules in a particular aliquot becomes lower, the variation in the Ct values obtained by quantitative RT-PCR becomes higher. To decrease the sampling ambiguity and obtain reliable results, a sample for a real time PCR should contain, at least, 10-25 target molecules to yield a sampling noise (SD) of 0.5-0.3 cycles (Stahlberg et al. 2013) . Using the PC content in our study, the number of PKCa involved in the aliquots was considered critical for the accuracy of the analysis because the amount of PKCa was presumed to be extremely fewer than that of PKCc. In quantitative RT-PCR, using five PCs, we measured 12 aliquots, and all samples showed an exponential rise, with an SD of 0.60, suggesting the presence of roughly 7-8 PKCa cDNAs in each aliquot, provided the sampling followed the Poisson distribution (Stahlberg and Kubista 2014) . Thus, the putative average number of PKCa (7-8 cDNAs) involved in each aliquot may be slightly below the limit for a reliable result. In contrast, the average number of PKCc cDNA in samples is thought to be sufficient.
In addition to the above-mentioned evaluation, the protein levels and enzymatic activity are more important than mRNA quantity for physiological outcomes, including pruning of CFs from PCs. In addition to transcription, the protein levels are influenced by translation regulation and protein degradation. The squared Pearson correlation coefficient (R 2 ) between mRNA and protein concentrations in recent studies was approximately 0.4 (de Sousa Abreu et al. 2009), implying that only 40% of the change in protein levels are associated with changes at the transcription level. Thus, more than half of variation in protein concentrations could be explained by mechanisms other than variation in mRNA concentrations, such as regulation of translation and protein degradation. Therefore, we examined the relative protein levels of PKCc and PKCa in the cerebellum by western blot and in PCs by immunohistochemistry. The results indicated that the protein levels of PKCc and PKCa were closely Table 3 Passive membrane properties and CF-EPSC kinetics in PKCc-KO PCs. Lentiviral vectors expressing GFP-P2A-PKCc or GFP-P2A-PKCa were injected into the cerebellar cortex of PKCc-KO mice at postnatal days P6-P7 or P21-P25, and whole-cell patch-clamp analysis was performed 2-3 weeks after the injection. CF, climbing fiber; C m , membrane capacitance; Decay, decay time constants; EPSC, excitatory postsynaptic current; GFP, green fluorescent protein; KO, knockout; PC, Purkinje cell; PKC, protein kinase C; PPD, paired-pulse depression; R a , access resistance; R m , membrane resistance; Rise, rise time constants. Values of PPD were obtained with an interpulse interval of 50 ms correlated with the corresponding mRNA levels (Figs 2 and 5). With respect to the enzymatic activity, it has been suggested that PKCc is more likely to be activated than PKCa at a given cellular Ca 2+ concentration in PCs under physiological conditions (Gundlfinger et al. 2003) because of the twofold higher Ca 2+ affinity of PKCc than that of PKCa (Kohout et al. 2002) . Taken together, these results indicated that PKCc exhibits far higher enzymatic activity than PKCa in PCs.
It has been shown that PKCa has a distinct phosphorylation target compared with PKCc, which is the GluA2 subunit of the a-amino-3-hydroxy-5-methylisoxazole-4-propionate-type glutamate receptor (Chung et al. 2000) . This distinction is because of the unique presence of a postsynaptic density-95/discs large/zonula occludens-1 (PDZ)-binding motif in PKCa, which binds to the PDZ domain located in the protein interacting with C-kinase (PICK1) (Hanley 2008) . The intracellular C-terminal region of GluA2 also contains a PDZ-binding motif but is pre-occupied by glutamate receptor-interacting protein 1 (Dong et al. 1997) . The PKCa-PICK1 complex has access to and phosphorylates the GluA2 C-terminus at serine-880 (Matsuda et al. 1999) , which promotes the dissociation of glutamate receptorinteracting protein 1 from GluA2 (Matsuda et al. 1999; Hirai 2001) , leading to the binding of PICK1 to the open space of the GluA2 C-terminus. Eventually, endocytosis of a-amino-3-hydroxy-5-methylisoxazole-4-propionate receptors for LTD expression is initiated. Although the amount of PKCa in PC is far less than that of PKCc, as revealed in this study, the PKCa-PICK1 interaction allows the specific accumulation of PKCa at the postsynaptic sites, and enables PC to express LTD.
The CFs make synapses on the proximal dendrites of PCs, whereas LTD is expressed in the spines sprouting from the distal dendritic tree. Thus, the action sites of PKCc and PKCa are essentially distinct from each other. Although the transcription and translation of genes normally take place in the cell bodies, some mRNAs are transferred to distal dendrites where the translation is triggered in an activitydependent manner. Therefore, it is possible that the PKCa mRNAs are transferred to and accumulated in the site of action (distal dendrites and/or spines) where they are translated upon the synaptic activity that induces LTD. Since the present technique allows to collect cellular contents from the soma, and not the distal dendritic area, the concentration of PKCa in the distal dendrites and spines may be higher than our estimation primarily based on the somatic area.
In addition, PKCc, which accounts for the largest proportion of cPKCs in PCs, is thought to have a different set of phosphorylation targets for CF pruning. On the basis of our results, pruning of CFs from PKCc-null PCs was restored upon lentivirus-mediated over-expression of PKCa. This might be because of the nonspecific phosphorylation of proteins that were necessary for CF pruning. However, it is noteworthy that the expression of PKCa never exceeds that of endogenous PKCc even upon 10-fold over-expression ( Fig. 5C and Table 2 ). Thus, our results suggest that PKCa can phosphorylate the PKCc substrates necessary for CF elimination and replace PKCc if sufficient amounts are present. In contrast, PKCc cannot substitute PKCa in the induction LTD even in the presence of a sufficient amount, presumably because of the lack of the PDZ-binding motif for binding to PICK1. The latter conclusion agrees well with a previous finding, according to which the loss of LTD induction in PKCa-deficient mice cannot be rescued by a high expression of PKCc (Leitges et al. 2004) . Intriguingly, the physiological function of PKCc in mature PCs remains unknown despite its strikingly high expression levels. The present results provide additional data for future reference on this topic.
